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OPTICAL DEVICE, OPTICAL SCANNER,
AND IMAGE DISPLAY APPARATUS

BACKGROUND

1. Technical Field

The present invention relates to an optical device, an
optical scanner, and an 1image display apparatus.

2. Related Art

For example, an optical scanner that two-dimensionally
scans light 1s known as an optical device used 1n a projector
or the like (see, for example, JP-A-2009-75387 (Patent
Literature 1)).

The optical scanner disclosed in Patent Literature 1
includes a frame, an outer driving section suspended on the
frame via a first torsional spring and capable of turning about
a first axis, an 1mner driving section suspended on the outer
driving section via a second torsional spring and capable of
turning about a second axis orthogonal to the first axis, and
a stage arranged on an upper part of the inner driving section
and configured to turn together with the inner driving
section.

In the optical scanner disclosed 1n Patent Literature 1, the
outer driving section 1s turned about the first axis and the
inner driving section 1s turned about the second axis by a
Lorentz force generated by an electric current flowing to a
coil provided 1n each of the mner dniving section and the
outer driving section and a magnetic field between a pair of
magnets arranged on both sides of the frame.

The stage 1s coupled to the iner driving section through
a link section projecting from the center of a lower part of
the stage. The center of gravity of the stage 1s located on the
second axis in plan view. Therefore, iertial moments about
the second axis 1n portions on one side and on the other side
of the stage with respect to the second axis are equal.

In this way, 1in the optical scanner disclosed in Patent
Literature 1, 1t 1s diflicult to excite the inner driving section
about the second axis. Therefore, a build-up time 1s long.
The build-up time means time 1n which a light reflection
plate changes from a stop state to a desired swinging state.

SUMMARY

An advantage of some aspects of the invention 1s to
provide an optical device, an optical scanner, and an 1mage
display apparatus that can reduce a build-up time.

An aspect of the invention 1s directed to an optical device
including: a movable section capable of swinging about a
first ax1s; a frame body section capable of swinging about a
second axis crossing the first axis; a first shaft section
configured to connect the movable section and the frame
body section; and a light reflection plate fixed to the movable
section and provided with a light reflecting section having
light reflectivity. In plan view from the thickness direction of
the light reflection plate, the center of gravity of the light
reflection plate 1s shifted from the first axis.

With the optical device, 1t 1s possible to vary inertial
moments about the first axis 1n portions on one side and on
the other side of the light reflection plate with respect to the
first axis 1n plan view. Therefore, 1t 1s possible to easily
excite the light reflection plate about the first axis. As a
result, 1t 1s possible to reduce a build-up time (time 1n which
the light reflection plate changes from a stop state to a
desired swinging state).

In the optical device of the aspect of the invention, 1t 1s
preferable that the light reflection plate 1s formed 1n a shape
asymmetrical with respect to the first axis in the plan view.
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With this configuration, even 1 the thickness of the light
reflection plate 1s fixed or the light reflection plate 1s made
ol a single materal, 1t 1s possible to shift the center of gravity
of the light reflection plate from the first axis 1n plan view.

In the optical device of the aspect of the invention, it 1s
preferable that the light reflection plate 1s formed 1n a shape
symmetrical with respect to the second axis 1n the plan view.

With this configuration, it 1s possible to suppress or
prevent unintended occurrence of a vibration mode of the
light reflection plate.

In the optical device of the aspect of the invention, 1t 1s
preferable that the frame body section 1s formed 1n a shape
symmetrical with respect to each of the first axis and the
second axis 1n the plan view.

With this configuration, it 1s possible to suppress or
prevent unintended occurrence of the vibration mode of the
light reflection plate.

In the optical device of the aspect of the invention, 1t 1s
preferable that the optical device further includes a first
distortion detection element arranged in the first shaft sec-
tion and configured to detect deformation of the first shaft
section, and the light reflection plate covers the first distor-
tion detecting element 1n the plan view.

With this configuration, 1t 1s possible to prevent deterio-
ration 1n detection accuracy of the first distortion detecting
clement caused when light that cannot be made 1incident on
the light reflecting section i1s made incident on the first
distortion detecting element.

In the optical device of the aspect of the imnvention, 1t 1s
preferable that the optical device further includes: a fixed
section; a second shait section configured to connect the
frame body section and the fixed section; and a second
distortion detecting element arranged in the second shaft
section and configured to detect deformation of the second
shaft section, and the light reflection plate covers the second
distortion detecting element 1n the plan view.

With this configuration, 1t 1s possible to prevent deterio-
ration in detection accuracy of the second distortion detect-
ing element caused when light that cannot be made incident
on the light retlecting section 1s made incident on the second
distortion detecting element.

In the optical device of the aspect of the invention, it 1s
preferable that the optical device further includes: a perma-
nent magnet arranged in the frame body section; a coil
arranged to be opposed to the frame body section; and a
voltage applying section configured to apply a voltage to the
coil, and the voltage applying section applies the voltage to
the coil to thereby swing the movable section about the first
axis and the second axis.

With this configuration, it 1s possible to swing the light
reflection plate about the first axis and the second axis with
an electromagnetic driving system (a moving magnet sys-
tem) while attaining a reduction in the size of the optical
device. Since the coil 1s separated from a vibration system
of the optical device, 1t 1s possible to prevent an adverse
cllect due to heat generation of the coil.

In the optical device of the aspect of the invention, it 1s
preferable that the optical device further includes: a coil
arranged 1n the frame body section; a permanent magnet
configured to generate a magnetic field acting on the coil;
and a voltage applying section configure to apply a voltage
to the coil, and the voltage applying section applies the
voltage to the coil to thereby swing the movable section
about the first axis and the second axis.

With this configuration, it 1s possible to swing the light
reflection plate about the first axis and the second axis with
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an electromagnetic driving system (a moving coil system)
while attaining a reduction 1n the size of the optical device.

In the optical device of the aspect of the invention, 1t 1s
preferable that the optical device further includes: a piezo-
clectric element provided 1n the second shait section; and a
voltage applying section configured to apply a voltage to the
piezoelectric element, and the voltage applying section
applies the voltage to the piezoelectric element to thereby
swing the movable section about the first axis and the second
axis.

With this configuration, 1t 1s possible to swing the light
reflection plate about the first axis and the second axis with
the electromagnetic driving system while attaining a reduc-
tion 1n the size of the optical device.

In the optical device of the aspect of the invention, 1t 1s
preferable that the voltage applying section includes: a first
voltage generating section configured to generate a first
voltage having a first frequency; a second voltage generating,
section configured to generate a second voltage having a
second frequency different from the first frequency; and a
voltage superimposing section configured to superimpose
the first voltage and the second voltage, and the voltage
applying section swings the movable section about the first
axis at the first frequency and swings the movable section
about the second axis at the second frequency.

With this configuration, it 1s possible to excite, without
directly applying a driving force to the movable section and
the light reflection plate, vibration having a vibration com-
ponent about the first axis of the frame body section and
swing the light reflection plate about the first axis according
to the vibration. Therefore, it 1s possible to reduce the
number of components configuring a driving source. As a
result, 1t 1s possible to attain a reduction 1n the size and a
reduction 1n costs of the optical device. In swinging the light
reflection plate about the first axis without directly applying,
a driving force to the light reflection plate 1n this way, the
ellect of making 1t easy to excite the light retlection plate
about the first axis 1s made conspicuous by varying inertial
moments about the first axis 1n portions on one side and on
the other side of the light retlection plate with respect to the
first axis 1n plan view.

In the optical device of the aspect of the invention, 1t 1s
preferable that the optical device further includes a spacer
configured to couple the movable section and the light
reflection plate, and the light reflection plate 1s separated
from the movable section 1n the thickness direction of the
light reflection plate.

With this configuration, it 1s possible to separate the light

reflection plate from the movable section 1n the thickness
direction of the light reflection plate relatively easily and at
highly accurate dimension accuracy. Therefore, 1t 1s possible
to suppress the light reflection plate from interfering with the
frame body section and the supporting section even if the
light reflection plate sings.
In the optical device of the aspect of the invention, it 1s
preferable that the center of gravity of the light reflection
plate and the spacer do not overlap in plan view from the
thickness direction of the light retlection plate.

With this configuration, 1t 1s possible to vary inertial
moments about the first axis 1n portions on one side and on
the other side of the light retlection plate with respect to the
first axis 1 plan view.

Another aspect of the invention 1s directed to an optical
scanner including: a movable section capable of swinging
about a first axis; a frame body section capable of swinging
about a second axis crossing the first axis; a first shaft
section configured to connect the movable section and the
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4

frame body section; and a light reflection plate fixed to the
movable section and provided with a light reflecting section
having light reflectivity. In plan view from the thickness
direction of the light reflection plate, the center of gravity of
the light reflection plate 1s shifted from the first axis.

With the optical scanner, 1t 1s possible to reduce a build-up

time while attaiming a reduction in the size of the optical
scanner.

Still another aspect of the imvention 1s directed to an
image display apparatus including: a movable section
capable of swinging about a first axis; a frame body section
capable of swinging about a second axis crossing the first
axis; a lirst shait section configured to connect the movable
section and the frame body section; and a light reflection
plate fixed to the movable section and provided with a light
reflecting section having light reflectivity. In plan view from
the thickness direction of the light reflection plate, the center
of gravity of the light reflection plate 1s shifted from the first
axis.

With the image display apparatus, 1t 1s possible to reduce
a build-up time while attaining a reduction 1n the size of the
image display apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

The mmvention will be described with reference to the
accompanying drawings, wherein like numbers reference
like elements.

FIG. 1 1s a plan view showing an optical scanner (an
optical device) according to a first embodiment of the
invention.

FIG. 2 1s a sectional view (a sectional view taken along an
X axis) of the optical scanner shown in FIG. 1.

FIG. 3 1s a block diagram for explaining a voltage
applying section of a driving section included 1n the optical
scanner shown 1n FIG. 1.

FIGS. 4A and 4B are diagrams showing examples of
generated voltages 1n a first voltage generating section and
a second voltage generating section shown 1n FIG. 3.

FIG. § 1s a plan view for explaining a light retlection plate
included 1n the optical scanner shown 1n FIG. 1.

FIG. 6 1s a plan view showing an optical scanner (an
optical device) according to a second embodiment of the
invention.

FIG. 7 1s a plan view showing an optical scanner (an
optical device) according to a third embodiment of the
invention.

FIG. 8 1s a plan view showing an optical scanner (an
optical device) according to a fourth embodiment of the
invention.

FIG. 9 1s a sectional view (a sectional view taken along
the X axis) of the optical scanner shown i FIG. 8.

FIG. 10 1s a plan view showing an optical scanner (an
optical device) according to a fifth embodiment of the
invention.

FIG. 11 1s a sectional view (a sectional view taken along
the X axis) of the optical scanner shown 1n FIG. 10.

FIG. 12 1s a block diagram for explaining a voltage
applying section of a driving section included 1n the optical
scanner shown in FIG. 10.

FIGS. 13A-13D are diagrams showing examples of gen-
erated voltages of a first voltage generating section and a
second voltage generating section shown in FIG. 12.

FIG. 14 1s a diagram schematically showing an image
display apparatus according to an embodiment of the inven-
tion.
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FIG. 15 1s a perspective view showing an application
example 1 of the image display apparatus in the embodi-
ment.

FIG. 16 1s a perspective view of an application example
2 of the image display apparatus in the embodiment.

FIG. 17 1s a perspective view of an application example
3 of the image display apparatus in the embodiment.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Preferred embodiments of the invention are explained
below with reference to the accompanying drawings. Note
that, 1n the embodiments explained below, an optical device
1s applied to an optical scanner.

First Embodiment

FIG. 1 1s a plan view showing an optical scanner (an
optical device) according to a first embodiment of the
invention. FIG. 2 1s a sectional view (a sectional view taken
along an X axis) of the optical scanner shown 1n FIG. 1. FIG.
3 1s a block diagram for explaining a voltage applying
section ol a driving section 1ncluded 1n the optical scanner

shown 1n FIG. 1. FIGS. 4A and 4B are diagrams showing

examples of generated voltages 1n a first voltage generating
section and a second voltage generating section shown 1n
FIG. 3. FIG. 5 1s a plan view for explaining a light reflection
plate included in the optical scanner shown in FIG. 1.

In the following explanation, for convemence of the
explanation, the upper side 1n FI1G. 2 1s referred to as “upper”
and the lower side 1n FIG. 2 1s referred to as “lower”.

As shown 1n FIGS. 1 and 2, an optical scanner 1 includes
a movable mirror section 11, a pair of shaft sections 12a and
125 (first shaft sections), a frame body section 13, two pairs
of shaft sections 14a, 14b, 14c, and 14d (second shafit
sections), a supporting section 135, a permanent magnet 21,
a coil 31, a magnetic core 32, a voltage applying section 4,
a distortion detecting element 31 (a first distortion detecting
clement), and a distortion detecting element 52 (a second
distortion detecting element).

The movable mirror section 11 and the pair of shaft
sections 12a and 125 configure a first vibration system that
swings (reciprocatingly turns) about a Y axis (a {irst axis).
The movable mirror section 11, the pair of shait sections 12a
and 12b, the frame body section 13, the two pairs of shatt
sections 14a, 14b, 14¢, and 144, and the permanent magnet
21 configure a second vibration system that swings (recip-
rocatingly turns) about the X axis (a second axis).

The permanent magnet 21, the coil 31, and the voltage
applying section 4 configure a driving section that drives the
first vibration system and the second vibration system (i.e.,
swings the movable mirror section 11 about the X axis and
the Y axis).

The sections of the optical scanner 1 are explained in
detail below 1n order.

The movable mirror section 11 includes a base (a movable
section) 111 and a light retlection plate 113 fixed to the base
111 via a spacer 112.

A light reflecting section 114 having light reflectivity 1s
provided on the upper surface (one surface) of the light
reflecting plate 113.

The light reflection plate 113 1s separated from the shaft
sections 12a and 1254 1n the thickness direction of the light
reflection plate 113 and provided to overlap the shait sec-
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6

tions 12a and 1256 when viewed from the thickness direction
of the light reflection plate 113 (hereinaiter also referred to
as “plan view™).

Therefore, 1t 1s possible to increase the area of the surface
of the light reflection plate 113 while reducing the distance
between the shaft section 12a and the shaft section 12b.
Since 1t 1s possible to reduce the distance between the shait
section 12a and the shaft section 125, it 1s possible to attain
a reduction 1n the size of the frame body section 13. Further,
since 1t 15 possible to attain the reduction in the size of the

frame body section 13, 1t 1s possible to reduce the distance
between the shait sections 14aq and 145 and the shaift sections
14¢ and 144d.

Therefore, even 1f the area of the surface of the light
reflection plate 113 1s increased, 1t 1s possible to attain a
reduction in the size of the optical scanner 1.

The light reflection plate 113 1s formed to cover the entire
shaft sections 12a and 126 1n plan view. In other words, the
shait sections 12a and 126 are located on the inner side of
the outer circumierence of the light reflection plate 113 in
plan view. Consequently, the area of the light retlection plate
113 increases. As a result, 1t 1s possible to increase the area
of the light reflecting section 114. Further, it 1s possible to
prevent unnecessary light (e.g., light that cannot be made
incident on the light reflecting section 114) from being
reflected on the shaft sections 124 and 125 to change to stray
light.

In this embodiment, the light reflection plate 113 1s
formed 1n a circular shape 1n plan view. Consequently, 1t 1s
possible to efliciently use the light reflecting section 114 to
reflect light. The plan view shape of the light reflection plate
113 1s not limited to this and may be, for example, an
clliptical shape and polygonal shapes such as a square shape.

A ngid layer 115 1s provided on the lower surface (the
other surface; a surface on the base 111 side) of the light
reflection plate 113.

The rigid layer 1135 1s made of a material more rigid than
the material of a main body of the light reflection plate 113.
Consequently, 1t 1s possible to increase the rigidity of the
light reflection plate 113. Therefore, 1t 1s possible to prevent
or suppress a bend during the swing of the light reflection
plate 113. Further, 1t 1s possible to reduce the thickness of the
light retlection plate 113 and suppress inertial moments
during the swing about the X axis and the Y axis of the light
reflection plate 113.

The matenial of the rigid layer 115 1s not particularly
limited as long as the material 1s more rigid than the material
of the main body of the light reflection plate 113. For
example, diamond, quartz, sapphire, lithium tantalate, potas-
sium niobate, and a carbon nitride film can be used. In
particular, it 1s preferable to use diamond.

The (average) thickness of the rnigid layer 115 1s not
particularly limited. However, the thickness 1s preferably
about 1 to 10 um and more preferably about 1 to 5 um.

The ngid layer 115 may be formed by a single layer or
may be formed by a laminated body of a plurality of layers.
The ngid layer 115 may be provided over the entire lower
surface of the light reflection plate 113 or may be provided
in apart of the lower surface. The rigid layer 115 1s provided
according to necessity and can be omuitted.

For the formation of the nigid layer 115, for example,
chemical vapor deposition (CVD) such as plasma CVD,
thermal CVD, and laser CV, vacuum vapor deposition,
sputtering, dry plating such as 1on plating, wet plating such
as electrolytic plating, immersion plating, and electroless
plating, thermal spraying, and joining of sheet-like members
can be used.
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The lower surface of the light reflection plate 113 1s fixed
to the base 111 via the spacer 112.

The spacer 112 couples the base 111 and the light reflec-
tion plate 113 and separates the light reflection plate 113
from the base 111 in the thickness direction of the light
reflection plate 113. Consequently, 1t 1s possible to separate
the light reflection plate 113 from the base 111 in the
thickness direction of the light reflection plate 113 relatively
casily and at highly accurate dimension accuracy. Further, 1t
1s possible to swing the light reflection plate 113 about the
Y axis while preventing contact of the shaift sections 12a and
125, the frame body section 13, and the shaft sections 14a,
1456, 14¢, and 144d.

In plan view, the center of gravity G of the light reflection
plate 113 1s arranged to be shifted from the Y axis. Conse-
quently, 1t 1s possible to easily excite the light reflection plate
113 about the Y axis. The arrangement of the light reflection
plate 113 and the action by the arrangement are explained
below 1n detail.

The base 111 1s located on the mner side of the outer
circumierence of the light reflection plate 113 1n plan view.
The area in plan view of the base 111 1s preferably as small
as possible as long as the base 111 can support the light
reflection plate 113 via the spacer 112. Consequently, it 1s
possible to reduce the distance between the shait section 124
and the shait section 126 while increasing the area of the
surface of the light reflection plate 113.

The frame body section 13 1s formed 1n a frame shape and
provided to surround the base 111 of the movable mirror
section 11. In other words, the base 111 of the movable
mirror section 11 1s provided on the iner side of the frame
body section 13 formed 1n a frame shape.

The frame body section 13 1s supported by the supporting
section 15 via the shatft sections 14a, 145, 14¢, and 144. The
base 111 of the movable mirror section 11 1s supported by
the frame body section 13 via the shatt sections 12a and 125.

The length of the frame body section 13 1n a direction
along the Y axis 1s larger than the length of the frame body
section 13 1n a direction along the X axis. That 1s, when the
length of the frame body section 13 1n the direction along the
Y axis 1s represented as “a’” and the length of the frame body
section 13 1n the direction along the X axis 1s represented as
“b”, a relation a>b 1s satisfied. Consequently, 1t 1s possible
to reduce the length of the optical scanner 1 in the direction
along the X axis while securing length necessary for the
shait sections 12a and 12b.

The frame body section 13 1s formed 1n a shape along the
external shape of a structure formed by the base 111 of the
movable mirror section 11 and the pair of shatt sections 124
and 126 1n plan view. Consequently, 1t 1s possible to attain
a reduction 1n the size of the frame body section 13 while
allowing the swing of the first vibration system configured
by the movable mirror section 11 and the pair of shaft
sections 12a and 12b, that 1s, the swing about the Y axis of
the movable mirror section 11.

The shape of the frame body section 13 1s not limited to
the shape shown 1n the figure as long as the shape 1s a frame
shape.

Each of the shaft sections 12a and 1256 and the shaft
sections 14a, 14b, 14¢, and 14d 1s elastically deformable.

The shait sections 12a and 1256 couple the movable mirror
section 11 and the frame body section 13 to enable the
movable mirror section 11 to swing (turn) about the Y axis
(the first axis). The shait sections 14a, 145, 14¢, and 14d
couple the frame body section 13 and the supporting section
15 to enable the frame body section 13 to swing (turn) about
the X axis (the second axis) orthogonal to the Y axis.
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The shatt sections 12a and 125 are arranged to be opposed
to each other via the base 111 of the movable mirror section
11. Each of the shaft sections 12a and 1256 1s formed 1n a
longitudinal shape extending in the direction along the Y
axis. One end portion of each of the shait sections 12a and
125 1s connected to the base 111 and the other end portion
1s connected to the frame body section 13. Each of the shaft
sections 12a and 126 1s arranged such that the center axis
thereol coincides with the Y axis.

Each of the shait sections 12a¢ and 125 1s torsionally
deformed according to the swing about the Y axis of the
movable mirror section 11.

The shaft sections 14aq and 145 and the shait sections 14¢
and 144 are arranged to be opposed to each other via the
frame body section 13. Each of the shait sections 14a, 145,
14c, and 144 1s formed 1n a longitudinal shape extending 1n
the direction along the X axis. One end portion of each of the
shaft sections 14a, 145, 14¢, and 144 1s connected to the
frame body section 13 and the other end 1s connected to the
supporting section 15. The shait sections 14a and 145 are
arranged to be opposed to each other via the X axis.
Similarly, the shaft sections 14¢ and 144 are arranged to be
opposed to each other via the X axis.

Each of the entire shaft sections 14a and 145 and the
entire shaft sections 14¢ and 144 1s torsionally deformed
according to the swing about the X axis of the frame body
section 13.

As explained above, the movable mirror section 11 1s
enabled to swing about the Y axis and the frame body section
13 1s enabled to swing about the X axis. Consequently, 1t 1s
possible to swing (turn) the movable mirror section 11 (in
other words, the light reflection plate 113) about the two
axes, 1.€., the X axis and the Y axis orthogonal to each other.

The shape of each of the shait sections 12a and 125 and
the shaft sections 14a, 145, 14¢, and 144 1s not limited to the
shape explained above. For example, each of the shait
sections 12a and 124 and the shaft sections 14a, 1456, 14c,
and 144 may include a bent or curved portion or a branching
portion 1n at least a halfway place.

The base 111, the shait sections 12a and 125, the frame
body section 13, the shait sections 14a, 145, 14¢, and 144,
and the supporting section 15 are integrally formed.

In this embodiment, the base 111, the shaft sections 12a
and 125, the frame body section 13, the shaft sections 14a,
145, 14¢, and 144, and the supporting section 135 are formed
by etching an SOI substrate formed by laminating a first S1
layer (a device layer), a S10, layer (a box layer), and a
second S1 layer (a handle layer) 1n this order. Consequently,
it 15 possible to improve vibration characteristics of the first
vibration system and the second vibration system. The SOI
substrate can be subjected to fine machining by the etching.
Theretfore, by forming the base 111, the shaft sections 12a
and 125, the frame body section 13, the shaft sections 14a,
14bH, 14c¢, and 144, and the supporting section 135 using the
SOI substrate, 1t 1s possible to improve dimension accuracy
of these sections. Further, 1t 1s possible to attain a reduction
in the size of the optical scanner 1.

Each of the base 111, the shaft sections 12a and 1254, and
the shait sections 14a, 14b, 14¢, and 144 1s configured by the
first S1 layer of the SOI substrate. Consequently, it 1s
possible to improve the elasticity of the shait sections 12a
and 1256 and the shaft sections 14a, 1454, 14¢, and 14d.
Further, 1t 1s possible to prevent the base 111 from coming
into contact with the frame body section 13 when the base
111 turns about the Y axis.

Each of the frame body section 13 and the supporting
section 15 1s configured by a laminated body formed by the
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first S1 layer, the S10, layer, and the second S1 layer of the
SOI substrate. Consequently, 1t 1s possible to 1mprove the
rigidity of the frame body section 13 and the supporting
section 15. The S10, layer and the second S1 layer of the
frame body section 13 have not only a function of a rb for
improving the rigidity of the frame body section 13 but also
a Tunction of preventing the movable mirror section 11 from
coming nto contact with the permanent magnet 21.

It 1s preferable that reflection prevention treatment 1s
applied to the upper surfaces of the first shaft section, the
second shaft section, the frame body section 13, and the
supporting section 15 located on the outer side of the light
reflection plate 113. Consequently, it 1s possible to prevent
unnecessary light irradiated on sections other than the light
reflection plate 113 from changing to stray light.

The reflection prevention treatment 1s not particularly
limited. Examples of the reflection prevention treatment
include formation of a reflection preventing film (a dielectric
multilayer {ilm), roughening treatment, and blackening
treatment.

The material and the formation method of the base 111,
the shatft sections 124 and 1254, and the shaft sections 14a,
14b, 14c, and 14d explained above are examples. The
invention 1s not limited to the shape and the formation
method.

In this embodiment, the spacer 112 and the light reflection
plate 113 are also formed by etching the SOI substrate. The
spacer 112 1s configured by a laminated body formed by the
510, layer and the second Si1 layer of the SOI substrate. The
light reflection plate 113 1s configured by the first S1 layer of
the SOI substrate.

As explained above, the spacer 112 and the light reflection
plate 113 are formed using the SOI substrate. Consequently,
it 1s possible to easily and highly accurately manufacture the
spacer 112 and the light reflection plate 113, which are
joined to each other.

The spacer 112 1s joined to the base 111 by, for example,
a joining material (not shown in the figure) such as an
adhesive or a brazing material.

The permanent magnet 21 1s joined to the lower surface
(a surface on the opposite side of the light reflection plate
113) of the frame body section 13.

A method of joining the permanent magnet 21 and the
frame body section 13 1s not particularly limited. For
example, a method of joining the permanent magnet 21 and
the frame body section 13 using an adhesive can be used.

The permanent magnet 21 1s magnetized in a direction
inclining with respect to the X axis and the Y axis i plan
VIEW.

In this embodiment, the permanent magnet 21 1s formed
in a longitudinal shape (a bar shape) extending in the
direction inclining with respect to the X axis and the Y axis.
The permanent magnet 21 1s magnetized 1n the longitudinal
direction. That 1s, the permanent magnet 21 1s magnetized to
form one end portion as an S pole and form the other end
portion as an N pole.

The permanent magnet 21 1s provided to be symmetrical
with respect to an intersection of the X axis and the Y axis
in plan view.

In an example explained 1n this embodiment, one perma-
nent magnet 1s set in the frame body section 13. However,
the number of permanent magnets 1s not limited to one. For
example, two permanent magnets may be set 1in the frame
body section 13. In this case, for example, the two perma-
nent magnets formed 1n a long shape only have to be set in
the frame body section 13 to be opposed to each other via the
base 111 in plan view and parallel to each other.
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An 1nclination angle 0 1n the direction of the magnetiza-
tion (the extending direction) of the permanent magnet 21
with respect to the X axis 1s not particularly limited. How-
ever, the inclination angle 0 1s preferably equal to or larger
than 30° and equal to or smaller than 60°, more preferably
equal to or larger than 45° and equal to or smaller than 60°,
and still more preferably 45°. By providing the permanent
magnet 21 1n this way, 1t 1s possible to smoothly and surely
turn the movable mirror section 11 about the X axis.

On the other hand, when the inclination angle 0 1s smaller
than 30° (a lower limait value), depending on conditions such
as the magnitude of a voltage applied to the coil 31 by the
voltage applying section 4, the movable mirror section 11
cannot be sufliciently turned about the X axis. On the other
hand, when the inclination angel 0 exceeds 60° (an upper
limit value), depending on the conditions, the movable
mirror section 11 cannot be sufliciently turned about the Y
axis.

As the permanent magnet 21, for example, a neodymium
magnet, a ferrite magnet, a samarium cobalt magnet, an
alnico magnet, and a bond magnet can be suitably used. The
permanent magnet 21 1s obtamned by magnetizing a hard
magnetic body. For example, the permanent magnet 21 1s
formed by, after setting the hard magnetic body before
magnetization 1n the frame body section 13, magnetizing the
hard magnetic body. This 1s because, when 1t 1s attempted to
set the permanent magnet 21, which 1s already magnetized,
in the frame body section 13, the permanent magnet 21
sometimes cannot be set in a desired position because of the
influence of the outside and magnetic fields of other com-
ponents.

The coil 31 1s provided right under the permanent magnet
21. That 1s, the coil 31 1s provided to be opposed to the lower
surface of the frame body section 13. Consequently, 1t 1s
possible to cause a magnetic field generated from the coil 31
to efliciently act on the permanent magnet 21. Consequently,
it 1s possible to attain power saving and a reduction 1n the
s1ze of the optical scanner 1.

In this embodiment, the coil 31 1s provided to be wound
around the magnetic core 32. Consequently, 1t 1s possible to
cause the magnetic field generated from the coil 31 to
ciliciently act on the permanent magnet 21. The magnetic
core 32 may be omitted.

The coil 31 1s electrically connected to the voltage apply-
ing section 4.

When a voltage 1s applied to the coil 31 by the voltage
applying section 4, magnetic fields having magnetic fluxes
orthogonal to the X axis and the Y axis are generated from
the coil 31.

The voltage applying section 4 includes, as shown 1n FIG.
3, a first voltage generating section 41 configured to generate
a first voltage V, for turning the movable mirror section 11
about the Y axis, a second voltage generating section 42
configured to generate a second voltage V, for turning the
movable mirror section 11 about the X axis, and a voltage
superimposing section 43 configured to superimpose the
first voltage V, and the second voltage V,. The voltage
applying section 4 applies a voltage superimposed by the
voltage superimposing section 43 to the coil 31.

The first voltage generating section 41, as shown 1n FIG.

4A, generates the first voltage V, (a voltage for horizontal
scanning) that cyclically changes at a cycle T,. That 1s, the
first voltage generating section 41 generates the first voltage
V, having a first frequency (1/T).
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The first voltage V, has a waveform like a sine wave.
Therefore, the optical scanner 1 can eflectively main-scan
light. The wavelorm of the first voltage V, 1s not limited to
this wavetiorm.

The first frequency (1/1,) 1s not particularly limited as
long as the first frequency (1/1,) 1s a frequency suitable for
the horizontal scanning. However, the first frequency (1/T,)
1s preferably 10 to 40 kHz.

In this embodiment, the first frequency 1s set to be equal
to a torsional resonance frequency (11) of the first vibration
system (a torsional vibration system) configured by the
movable mirror section 11 and the pair of shait sections 124
and 12b6. That 1s, the first vibration system 1s designed
(manufactured) to set the torsional resonance frequency 11 to
a frequency suitable for the horizontal scanning. Conse-
quently, 1t 1s possible to increase a turning angle about the
Y axis of the movable mirror section 11.

On the other hand, the second voltage generating section
42, as shown 1n FIG. 4B, generates the second voltage V., (a
voltage for vertical scanning) that cyclically changes at a
cycle T, different from the cycle T,. That 1s, the second
voltage generating section 42 generates the second voltage
V., having a second frequency (1/T.,).

The second voltage V, has a wavetorm like a saw-tooth
wave. Theretfore, the optical scanner 1 can eflectively per-
form vertical scanning (sub-scanning) of light. The wave-
form of the second voltage V, 1s not limited to this wave-
form.

The second frequency (1/T,) 1s not particularly limited as
long as the second frequency (1/T,) 1s different from the first
frequency (1/T,) and suitable for the vertical scanning.
However, the second frequency (1/T,) 1s preferably 30 to
120 Hz (about 60 Hz). By setting the frequency of the
second voltage V, to about 60 Hz 1n this way and setting the
frequency of the first voltage V, to 10 to 40 kHz as explained
above, 1t 1s possible to turn, at a frequency suitable for
rendering on a display, the movable mirror section 11 about
cach of the two axes (the X axis and the Y axis) orthogonal
to each other. However, a combination of the frequency of
the first voltage V, and the frequency of the second voltage
V, 1s not particularly limited as long as the movable mirror
section 11 can be turned about each of the X axis and the Y
axis.

In this embodiment, the frequency of the second voltage
V, 1s adjusted to be a frequency different from a torsional
resonance frequency (a resonance frequency) of the second
vibration system (a torsional vibration system) configured
by the movable mirror section 11, the pair of shaft sections
12a and 125, the frame body section 13, the two pairs of
shaft sections 14a, 14b, 14¢, and 144, and the permanent
magnet 21.

The frequency (the second frequency) of the second
voltage V., 1s preferably smaller than the frequency (the first
frequency) of the first voltage V,. That 1s, the cycle T, 1s
preferably longer than the cycle T,. Consequently, 1t 1s
possible to more surely and smoothly turn the movable
mirror section 11 about the X axis at the second frequency
while turning the movable mirror section 11 about the Y axis
at the first frequency.

When the torsional resonance frequency of the first vibra-
tion system 1s represented as 11 [Hz] and the torsional
resonance Irequency of the second vibration system 1s
represented as 12 [Hz], 11 and 12 preferably satisty a relation
12<f1 and more preferably satisty a relation 11=1012. Con-
sequently, 1t 1s possible to more smoothly turn the movable
mirror section 11 about the X axis at the frequency of the
second voltage V, while turning the movable mirror section
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11 about the Y axis at the frequency of the first voltage V.
On the other hand, when a relation between {1 and 12 1s
11=12, 1t 1s likely that vibration of the first vibration system
due to the second frequency 1s likely to occur.

Each of the first voltage generating section 41 and the
second voltage generating section 42 1s connected to a
control section 7 and driven on the basis of a signal output
from the control section 7. The voltage superimposing
section 43 1s connected to the first voltage generating section
41 and the second voltage generating section 42.

The voltage superimposing section 43 includes an adder
43a for applying a voltage to the coil 31. The adder 43q 1s
configured to receive the first voltage V, from the first
voltage generating section 41, receive the second voltage V,
from the second voltage generating section 42, superimpose
the voltages, and apply a superimposed voltage to the coil
31.

A driving method for the optical scanner 1 1s explained.
In this embodiment, as explained above, the frequency of the
first voltage V, 1s set to be equal to the torsional resonance
frequency of the first vibration system. The frequency of the
second voltage V, 1s set to a value different from the
torsional resonance frequency of the second vibration sys-
tem and set to be smaller than the frequency of the first
voltage V, (e.g., the frequency of the first voltage V, 1s set
to 18 kHz and the frequency of the second voltage V, 1s set
to 60 Hz).

For example, the first voltage V, shown in FIG. 4A and
the second voltage V, shown 1n FIG. 4B are superimposed
by the voltage superimposing section 43. A superimposed
voltage 1s applied to the coil 31.

Then, a magnetic field for attracting one end portion (the
N pole) of the permanent magnet 21 to the coil 31 and
separating the other end portion (the S pole) of the perma-
nent magnet 21 from the coil 31 (this magnetic field 1s
referred to as “magnetic field A1) and a magnetic field for
separating the one end portion (the N pole) of the permanent
magnet 21 from the coil 31 and attracting the other end
portion (the S pole) of the permanent magnet 21 to the coil
31 (thus magnetic field 1s referred to as “magnetic field A2”)
are alternately switched by the first voltage V.

As explained above, the permanent magnet 21 1s arranged
such that the respective end portions (magnetic poles) of the
permanent magnet 21 are located 1n two regions divided by
the Y axis. That 1s, 1n plan view of FIG. 1, the N pole of the
permanent magnet 21 1s located on one side and the S pole
of the permanent magnet 21 1s located on the other side
across the Y axis. Therefore, when the magnetic field A1 and
the magnetic field A2 are alternately switched, vibration
having a vibration component about the Y axis 1s excited in
the frame body section 13. According to the vibration, the
movable mirror section 11 turns about the Y axis at the
frequency of the first voltage V, while torsionally deforming
the shaft sections 12aq and 1254.

The frequency of the first voltage V, 1s equal to the
torsional resonance frequency of the first vibration system.
Therefore, it 1s possible to efhiciently turn the movable
mirror section 11 about the Y axis with the first voltage V1.
That 1s, even 11 the vibration having the vibration component
about Y axis of the frame body section 13 1s small, it 1s
possible to 1increase a turning angle about the Y axis of the
movable mirror section 11 involved the vibration.

On the other hand, a magnetic field for attracting the one
end portion (the N pole) of the permanent magnet 21 to the
coil 31 and separating the other end portion (the S pole) of
the permanent magnet 21 from the coil 31 (thus magnetic
field 1s referred to as “magnetic field B1”’) and a magnetic
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field for separating the one end portion (the N pole) of the
permanent magnet 21 from the coil 31 and attracting the
other end portion (the S pole) of the permanent magnet 21
to the coil 31 (this magnetic field 1s referred to as “magnetic
ficld B2”) are alternately switched by the second voltage V,.

As explained above, the permanent magnet 21 1s arranged
such that the respective end portions (magnetic poles) are
arranged 1n two regions divided by the X axis. That 1s, 1n
plan view of FIG. 1, the N pole of the permanent magnet 21
1s located on one side and the S pole of the permanent
magnet 21 1s located on the other side across the X axis.
Therefore, when the magnetic field Bl and the magnetic
field B2 are alternately switched, the frame body section 13
turns about the X axis at the frequency of the second voltage
V, together with the movable mirror section 11 while
torsionally deforming each of the shait sections 14a and 145
and the shait sections 14¢ and 144.

The frequency of the second voltage V, 1s set extremely
low compared with the frequency of the first voltage V. The
torsional resonance frequency of the second vibration sys-
tem 1s designed lower than the torsional resonance 1ire-
quency of the first vibration system. Therefore, 1t 1s possible
to prevent the movable mirror section 11 from being turned
about the Y axis at the frequency of the second voltage V,.

As explained above, by applying the voltage obtained by
superimposing the first voltage V', and the second voltage V,
to the coil 31, 1t 1s possible to turn the movable mirror
section 11 about the X axis at the frequency of the second
voltage V, while turning the movable mirror section 11
about the Y axis at the frequency of the first voltage V,.
Consequently, 1t 1s possible to attain a reduction costs and a
reduction 1n the size of the apparatus and turn the movable
mirror section 11 about each of the X axis and the Y axis
with an electromagnetic driving system (a moving magnet
system). In particular, 1t 1s possible to excite vibration
having a vibration component about the Y axis of the frame
body section 13 without directly applying a driving force to
the base 111 and the light reflection plate 113 and swing the
light reflection plate 113 about the Y axis according to the
vibration. Therefore, 1t 1s possible to reduce the number of
components (permanent magnets and coils) configuring a
driving source compared with providing driving sources
respectively 1n the base 111 and the frame body section 13.
Therefore, 1t 1s possible to attain a simple and small con-
figuration. Since the coil 31 1s separated from the vibration
system of the optical scanner 1, 1t 1s possible to prevent an
adverse eflect on the vibration system due to heat generation
of the coil 31.

The behavior of the movable mirror section 11 is detected
on the basis of detection signals of the distortion detecting
clements 51 and 32.

The distortion detecting element 31 (the first distortion
detecting element) detects deformation (mainly a torsional
deformation) of the shaft section 1254. A detection signal of
the distortion detecting element 51 includes a signal based
on the torsional deformation of the shait section 125. There-
fore, 1t 1s possible to detect the behavior about the Y axis of
the movable mirror section 11 on the basis of the detection
signal of the distortion detecting element 51.

In this embodiment, the distortion detecting element 51 1s
arranged at an end portion on the frame body section 13 side
of the shait section 12b. Consequently, it 1s possible to
reduce portions of a wire, which 1s connected to the distor-
tion detecting element 51, arranged in the shait section 125
and prevent disconnection of the wire.

On the other hand, the distortion detecting element (the
second distortion detecting element) detects deformation
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(mainly bending deformation) of the shaft section 14d. A
detection signal of the distortion detecting element 52
includes a signal based on torsional deformation of the entire
shaft sections 14¢ and 14d. Therefore, it 1s possible to detect
the behavior about the X axis of the movable mirror section
11 and the frame body section 13 on the basis of the
detection signal of the distortion detecting element 32.

In this embodiment, the distortion detecting element 32 1s
arranged near a boundary section between the supporting
section 15 and the shaift sections 14¢ and 144. Consequently,
it 1s possible to reduce or dispense with portions of a wire,
which 1s connected to the distortion detecting element 52,
arranged 1n the shait sections 14¢ and 144 and prevent
disconnection of the wire.

Each of the distortion detecting elements 51 and 32 1s, for
example, a piezo-resistance element of a two terminal type
or a four terminal type. A piezo-resistance region of the
piezo-resistance element 1s formed by, for example, doping
impurities such as phosphorus or boron 1n the shait section
1256 or the surface of the supporting section 15.

When the distortion detecting element 32 includes a
signal based on torsional deformation and bending defor-
mation of the entire shaft sections 14¢ and 14d, it 1s also
possible to omit the distortion detecting element 31 and
detect the behavior about the X axis and the Y axis of the
movable mirror section 11 on the basis of only a detection
signal of the distortion detecting element 51.

The distortion detecting elements 51 and 52 are electri-
cally connected to the control section 7 via not-shown wires.
The control section 7 controls driving of the voltage apply-
ing section 4 on the basis of detection signals of the
distortion detecting elements 51 and 52.

The arrangement of the light reflection plate 113 and the
action by the arrangement are explained with reference to
FIG. 5.

As explained above, the center of gravity G of the light
reflection plate 113 1s shifted from the Y axis in plan view.
Consequently,, it 1s possible to vary inertial moments about
the Y axis in portions on one side and on the other side of
the light reflection plate 113 with respect to the Y axis in plan
view. Therefore, 1t 1s possible to easily excite the light
reflection plate 113 about the Y axis. That 1s, it 1s possible
to easily swing the light retlection plate 113 about the Y axis
with vibration applied from the outside. Specifically, when
it 1s attempted to swing the movable mirror section 11 about
the Y axis from a stop state, it 1s possible to efliciently
convert vibration having a vibration component about the Y
axis of the frame body section 13 into a driving force for a
swing about the Y axis of the movable mirror section 11. As
a result, 1t 1s possible to reduce a build-up time of the optical
scanner 1 (time 1n which the light reflection plate 113
changes from a stop state to a desired swinging state).
Further, it 1s possible to suppress the light reflection plate
113 from wvibrating in the thickness direction with unin-
tended vibration transmitted from the frame body section 13
to the movable mirror section 11.

On the other hand, if the center of gravity G of the light
reflection plate 113 coincides with the Y axis 1n plan view,
the inertial moments about the Y axis in the portions on the
one side and on the other side of the light reflection plate
with respect to the Y axis 1n plan view are equal. Therelore,
in such a case it 1s dithicult to excite the light reflection plate
113 about the Y axis. Specifically, 1n such a case, when 1t 1s
attempted to swing the movable mirror section 11 about the
Y axis from the stop state, vibration having a vibration
component about the Y axis of the frame body section 13
cannot be efliciently converted into a drniving force for a




US 9,681,015 B2

15

swing about the Y axis of the movable mirror section 11. It
takes a long time until the light reflection plate 113 changes
to a desired swinging state (e.g., a desired swing angle)
about the Y axis. Further, the light reflection plate 113
vibrates in the thickness direction with unintended vibration
transmitted from the frame body section 13 to the movable
mirror section 11.

A distance L between the center of gravity G of the light
reflection plate 113 and the Y axis in plan view only has to
be set to make 1t possible to easily excite the light reflection
plate 113 about the Y axis as explained above. The distance
L 1s different depending on the shape, the size, and the like
of the light reflection plate 113 and i1s not particularly
limited. However, the length L 1s preferably 0.001 time or
more and 0.1 time or less as large as the length of the light
reflection plate 113 along the X axis direction and more
preferably 0.01 time or more and 0.05 time or less as large
as the length of the light reflection plate 113 along the X
axis. Consequently, it 1s possible to make 1t easy to excite the
light retlection plate 113 about the Y axis while suppressing
a shift ol a swing center axis of the light reflection plate 113.
In this embodiment, the light reflection plate 113 1s
formed 1n a shape asymmetrical with respect to the Y axis in
plan view. Consequently, even 1f the thickness of the light
reflection plate 113 1s fixed or the light reflection plate 113
1s made of a single material, 1t 1s possible to shiit the center
of gravity G of the light reflection plate 113 with respect to
the Y axis i plan view. As explained above, the light
reflection plate 113 i1s separated from the base 111 1n the
thickness direction of the light reflection plate 113. There-
fore, even 11 the light reflection plate 113 1s formed 1n an
asymmetrical shape with respect to the Y axis 1in plan view,

there 1s no influence on the shape of the frame body section
13 and the arrangement of the shait sections 14a, 145, 14c,
and 14d. It 1s possible to prevent an increase 1n the size of
the frame body section 13 while securing symmetry of a plan
view shape of frame body section 13 with respect to the Y
axis.

The center of gravity G of the light reflection plate 113 1s
located on the X axis in plan view.

Therefore, the light reflection plate 113 1s formed 1 a
shape symmetrical with respect to the X axis i plan view.
Consequently, 1t 1s possible to equalize inertial moments
about the X axis 1n portions on one side and on the other side
of the light reflection plate 113 with respect to the X axis 1n
plan view. Therefore, it 1s possible to relatively easily
equalize mertial moments about the X axis in portions on
one side and on the other side of the second vibration system
with respect to the X axis 1 plan view. That is, 1t 1s possible
to relatively easily secure symmetry of the second vibration
system with respect to the X axis. As a result, 1t 1s possible
to suppress or prevent occurrence of an unintended vibration
mode of the light reflection plate 113.

In this embodiment, the thickness of the light reflection
plate 113 1s fixed and the plan view shape of the light
reflection plate 113 1s a circular shape. Theretore, the center
of gravity G of the light retlection plate 113 coincides with
the center of the light reflection plate 113 (the center of the
circle) 1n plan view.

The center of gravity of the frame body section 13
coincides with an intersection P of the X axis and the Y axis.
In this embodiment, the frame body section 13 1s formed 1n
a shape symmetrical with respect to each of the X axis and
the Y axis 1 plan view. Consequently, 1t 1s possible to
suppress or prevent occurrence of an unintended vibration
mode of the light reflection plate 113.
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The light reflection plate 113 covers the distortion detect-
ing elements 51 and 52 1 plan view. Consequently, it 1s

possible to prevent deterioration 1n detection accuracy of the
distortion detecting elements 51 and 52 caused when light
that cannot be made 1ncident on the light reflecting section
114 1s made incident on the distortion detecting elements 51
and 52.

With the optical scanner 1 explained above, 1t 1s possible
to vary the 1nertial moments about the Y axis in the portions
on the one side and on the other side of the light reflection
plate 113 with respect to the Y axis in plan view. Therefore,
it 1s possible to easily excite the light retlection plate 113
about the Y axis. As a result, 1t 1s possible to reduce a
build-up time of the optical scanner 1 (time 1n which the
light reflection plate changes from a stop state to a desired
swinging state).

In particular, as in this embodiment, in swinging the light
reflection plate 113 about the Y axis without directly apply-
ing a driving force to the light reflection plate 113, the eflfect
of making it easy to excite the light reflection plate 113 about
the Y axis 1s made conspicuous by varying the inertial
moments about the Y axis in the portions on the one side and
on the other side of the light reflection plate 113 with respect
to the Y axis in plan view.

The light reflection plate 113 1s separated from the base
111 1n the thickness direction of the light reflection plate 113.
Therefore, even 1f the center of gravity G of the light
reflection plate 113 1s shifted from the Y axis i plan view,
the entire optical scanner 1 1s not increased 1n size. There-
fore, 1t 1s possible to attain a reduction in the size of the
optical scanner 1.

Second Embodiment

A second embodiment of the invention i1s explained
below.

FIG. 6 1s a plan view showing an optical scanner (an
optical device) according to the second embodiment of the
invention.

Differences of the second embodiment from the first
embodiment are mainly explained below. Explanation of
similarities 1s omitted. In FIG. 6, components same as the
components 1n the first embodiment are denoted by the same
reference numerals and signs.

The optical scanner 1n this embodiment 1s the same as the
optical scanner 1n the first embodiment except that a plan
view shape of a light retlection plate 1s diflerent.

As shown 1n FIG. 6, an optical scanner 1A 1n the second
embodiment includes a light reflection plate 113 A 1nstead of
the light reflection plate 113 of the optical scanner 1 in the
first embodiment.

The light retlection plate 113A 1s formed 1n an elliptical
shape 1n plan view.

The center of gravity G of the light reflection plate 113 A
1s shifted from the Y axis in plan view. In this embodiment,
the light reflection plate 113 A 1s arranged such that the major
axis extends along the X axis and the minor axis extends
along the Y axis. Consequently, it 1s possible to more
ciliciently cover the distortion detecting elements 51 and 52
with the light reflection plate 113A in plan view while
relatively easily shifting the center of gravity G of the light
reflection plate 113 A from the Y axis 1n plan view.

The light reflection plate 113 A 1s coupled to the base 111
via a spacer 112A. The center of gravity G of the light
reflection plate 113 A and the spacer 112A do not overlap 1n
plan view from the thickness direction of the light reflection
plate 113A. Consequently, 1t 1s possible to vary inertial
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moments about the Y axis in portions on one side and on the
other side of the light reflection plate 113A with respect to
the Y axis in plan view.

With the optical scanner 1A 1n the second embodiment
explained above, as 1n the first embodiment, 1t 1s possible to
reduce a build-up time while attaining a reduction in the size
of the optical scanner 1A.

Third Embodiment

A third embodiment of the mvention 1s explained.

FIG. 7 1s a plan view showing an optical scanner (an
optical device) according to the third embodiment of the
invention.

Differences of the third embodiment from the first
embodiment are mainly explained below. Explanation of
similarities 1s omitted. In FIG. 7, components same as the
components 1n the first and second embodiments are denoted
by the same reference numerals and signs.

The optical scanner in this embodiment 1s the same as the
optical scanner 1n the first embodiment except that a plan
view shape of a light reflection plate 1s diflerent.

As shown 1 FIG. 7, an optical scanner 1B in the third
embodiment includes a light reflection plate 113B 1nstead of
the light reflection plate 113 of the optical scanner 1 in the
first embodiment.

The light reflection plate 113B 1s formed in a shape
obtained by combining a circle and a rectangle projecting
from the outer circumierence of the circle 1 plan view.

The center of gravity G of the light reflection plate 113B
1s shifted from the Y axis 1n plan view. In this embodiment,
the light reflection plate 113B 1s arranged such that portions
of the rectangle projecting from portions of the circle project
along the X axis. Consequently, 1t 1s possible to more
ciliciently cover the distortion detecting elements 51 and 52
with the light reflection plate 113B 1n plan view while
relatively easily shifting the center of gravity G of the light
reflection plate 113B from the Y axis in plan view.

With the optical scanner 1B 1n the third embodiment
explained above, as 1n the first and second embodiments, 1t
1s possible reduce a build-up time while attaiming a reduction
in the size of the optical scanner 1B.

Fourth Embodiment

A fourth embodiment of the mvention i1s explained.

FIG. 8 1s a plan view showing an optical scanner (an
optical device) according to the fourth embodiment of the
invention. FIG. 9 1s a sectional view (a sectional view taken
along the X axis) of the optical scanner shown 1n FIG. 8. In
the following explanation, for convenience of the explana-
tion, the upper side 1 FIG. 9 1s referred to as “upper” and
the lower side 1n FIG. 9 1s referred to as “lower”.

Differences of the fourth embodiment from the first
embodiment are mainly explained below. Explanation of
similarities 1s omitted. In FIGS. 8 and 9, components same
as the components i1n the first to third embodiments are
denoted by the same reference numerals and sings.

The optical scanner 1n this embodiment 1s the same as the
optical scanner 1n the first embodiment except that a moving
coil system 1s adopted.

As shown 1n FIG. 8, an optical scanner 1C 1n the fourth
embodiment includes a permanent magnet 21C and a coil
31C.

The co1l 31C 1s provided on the upper surface of the frame
body section 13. The coil 31C 1s joined to the upper surface
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of the frame body section 13 1n a state 1n which the coil 31C
1s wound around along the circumierential direction of the

frame body section 13.

The coil 31C may be obtained by joining a coil, which 1s
wound around 1n advance, to the frame body section 13 with
an adhesive or may be patterned on the frame body section
13 by a publicly-known film forming method or plating
method.

The coil 31C 1s electrically connected to the voltage
applying section 4.

The coil 31C may be provided on the lower surface (a
surface on the opposite side of the light reflection plate 113)
of the frame body section 13 or may be provided on both of
the upper surface and the lower surface of the frame body
section 13.

The permanent magnet 21C includes a pair of magnetic
poles (an S pole and an N pole) opposed to each other via
the coi1l 31C 1n plan view.

The permanent magnet 21C generates a magnetic field 1n
a direction inclining with respect to the X axis and the Y
axis. That 1s, a line segment connecting one magnetic pole
and the other magnetic pole of the permanent magnet 21C
inclines with respect to the X axis. An inclination angle of
the line segment with respect to the X axis 1s the same as the
inclination angle 0 in the first embodiment.

The permanent magnet 21C, the co1l 31C, and the voltage
applying section 4 configure a driving section that swings
the movable mirror section 11 about the X axis and the Y
axis.

That 1s, when the voltage applying section 4 applies a
voltage to the coil 31C, the movable mirror section 11 1s
swung about the X axis and the Y axis by mutual action of
magnetic fields of the coil 31C and the permanent magnet
21C. Consequently, 1t 1s possible to swing the movable
mirror section 11 about the X axis and the Y axis with an
clectromagnetic driving system (a moving coil system)
while attaining a reduction in the size of the optical scanner
1C.

With the optical scanner 1C 1n the fourth embodiment
explained above, 1t 1s possible to reduce a build-up time

while attaining a reduction 1n the size of the optical scanner
1C.

Fifth Embodiment

A fifth embodiment of the mvention 1s explained.

FIG. 10 1s a plan view showing an optical scanner (an
optical device) according to the fifth embodiment of the
invention. FIG. 11 1s a sectional view (a sectional view taken
along the X axis) of the optical scanner shown 1n FIG. 10.
FIG. 12 1s a block diagram for explaining a voltage applying
section of a driving section 1ncluded 1n the optical scanner
shown 1 FIG. 10. FIGS. 13A to 13D are diagrams of
examples of generated voltages 1n a first voltage generating
section and a second voltage generating section shown in
FIG. 12. In the following explanation, for convenience of the
explanation, the upper side i FIG. 11 1s referred to as
“upper’ and the lower side i FIG. 11 1s referred to as
“lower”.

Differences of the fifth embodiment from the first embodi-
ment are mainly explained below. Explanation of similari-
ties 1s omitted. In FIGS. 10 to 12, components same as the
components 1n the first to fifth embodiments are denoted by
the same reference numerals and signs.

The optical scanner 1n this embodiment 1s the same as the
optical scanner 1n the first embodiment except that a piezo-
clectric driving system 1s adopted.
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As shown 1n FIG. 10, an optical scanner 1D 1n the fifth
embodiment 1ncludes a frame body section 13D, four (two
pairs of) shait sections 14e, 14/, 149, and 14/ (second shaft
sections), a supporting section 15D, and four (two pairs of)
piezoelectric elements 33a, 335, 33¢, and 334

The frame body section 13D i1s formed in a frame shape
and provided to surround the base (the movable section) 111
ol the movable mirror section 11.

The frame body section 13D 1s supported by the support-
ing section 15D via the shaft sections 14e, 14/, 14g, and 14/.
The base 111 of the movable mirror section 11 1s supported
by the frame body section 13D via the shaift sections 12q and
125.

Among the two pairs of shait sections (beams) 14e, 14/,
14g, and 14/, the pair of shaft sections 14e and 14f 1s
provided on one side and the pair of shait sections 14g and
14/ 1s provided on the other side.

The pairs of shaft sections 14e, 14f, 14g, and 14/ are
provided point-symmetrical with respect to the center of the
frame body section 13D 1n plan view.

The supporting section 15D 1s formed to surround the
outer periphery of the frame body section 13D.

Each of the pair of shait sections 14e and 14/ couples the
frame body section 13D and the supporting section 15D.
Similarly, each of the pair of shaft sections 14g and 14/
couples the frame body section 13D and the supporting
section 13D.

The shaft sections 14e, 14/, 14g, and 14/ are elastically
deformable and formed 1n a longitudinal shape and extend 1n
parallel to the Y axis. In the two pairs of shait sections 14e,
14/, 14g, and 14/, the shaft sections 14e and 14¢ and the
shaft sections 14/ and 14/ are bent in opposite directions
cach other, whereby the frame body section 13D can be
swung (turned) about the X axis. The shait sections 14¢ and
14/ and the shatit sections 14g and 14/ are bent 1n opposite
directions each other, whereby the frame body section 13D
can be swung (turned) about the Y axis.

In order to turn the frame body section 13D about the X
axis and the Y axis, the piezoelectric element 334 1s provided
on the shait section 14e, the piezoelectric element 335 1s
provided on the shaft section 14/, the piezoelectric element
33c¢ 1s provided on the shaft section 14¢, and the piezoelec-
tric element 334 1s provided on the shaft section 144.

The piezoelectric elements 33a and 335 are representa-
tively explained 1n detail. The piezoelectric elements 33c¢
and 33d are the same as the piezoelectric elements 33a and
33b.

The piezoelectric element 33a 1s joined to the upper
surface of the shaft section 14e and configured to expand and
contract 1n the longitudinal direction of the shaft section 14e.
Consequently, the piezoelectric element 33a can flexurally
deform the shaft section 14e¢ 1n the up down direction
according to the expansion and the contraction of the
piezoelectric element 33a. The piezoelectric element 335 1s
joined to the upper surface of the shaft section 14/ and
configured to expand and contract in the longitudinal direc-
tion of the shaft section 14f. Consequently, the piezoelectric
clement 335 can tlexurally deform the shait section 14f 1n
the up down direction according to the expansion and the
contraction of the piezoelectric element 335.

In other words, the piezoelectric element 33a extends
along the longitudinal direction of the shaft section 14¢ and
expands and contracts in the extending direction to thereby
flexurally deform the shaft section 14e. Consequently, with
a relatively simple configuration, 1t 1s possible to more
surely flexurally deform the shaft section 14e using the
piezoelectric element 33a. Similarly, the piezoelectric ele-
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ment 335 extends along the longitudinal direction of the
shaft section 14/ and expands and contracts in the extending
direction to thereby flexurally deform the shait section 14f.
Consequently, with a relatively simple configuration, it 1s
possible to more surely flexurally deform the shait section
14f using the piezoelectric element 335.

Each of the piezoelectric elements 33a and 335 includes,
although not shown in the figure, a piezoelectric layer
formed using a piezoelectric material as a main material and
a pair of electrodes configured to sandwich the piezoelectric
layer.

Examples of the piezoelectric material include zinc oxide,
aluminum nitride, lithium tantalate, lithium niobate, potas-
sium niobate, lead zirconate titanate (PZT), and barium
titanate. Besides, there are various piezoelectric materials.
One kind of the piezoelectric material can be used or two or
more kinds of the piezoelectric materials can be used in
combination. In particular, a piezoelectric material mainly
including at least one kind of zinc oxide, aluminum nitride,
lithium tantalate, lithrum niobate, potassium niobate, and
lead zirconate titanate 1s preferable. The piezoelectric layers
of the piezoelectric elements 33a and 335 are formed of such
materials, whereby 1t 1s possible to drive the optical scanner
1D at a higher frequency.

The piezoelectric element 33a 1s provided to cover sub-
stantially the entire upper surface of the shatit section 14e.
Therefore, the piezoelectric element 33a 1s provided over
substantially the entire region 1n the longitudinal direction of
the shaft section 14e. Consequently, 1t 1s possible to more
largely flexurally deform the shait section 14e according to
the actuation of the piezoelectric element 33a. Similarly, the
piezoelectric element 335 1s provided to cover substantially
the entire upper surface of the shaft section 14/. Therelore,
the piezoelectric element 335 1s provided over substantially
the entire region 1n the longitudinal direction of the shaft
section 14f. Consequently, it 1s possible to more largely
flexurally deform the shait section 14f according to the
operation of the piezoelectric element 335.

Both the piezoelectric elements 33a and 335 are provided
on the upper surface side. Therefore, when one of the
piezoelectric elements 33a and 335 1s caused to expand and
the other 1s caused to confract, 1t 1s possible to flexurally
deform the pair of shaft sections 14e¢ and 14/ in opposite
directions each other.

The piezoelectric elements 33¢ and 334 are configured the
same as the piezoelectric elements 33a and 335. Both the
piezoelectric elements 33¢ and 33d are provided on the
upper surface side like the piezoelectric elements 33a¢ and
33b. Therelore, when one of the piezoelectric elements 33¢
and 33d 1s caused to expand and the other 1s caused to
contract, it 1s possible to flexurally deform the pair of shaft
sections 14g and 14/ 1n opposite directions.

The piezoelectric elements 33a, 336, 33¢, and 33d are
connected to a below-mentioned voltage applying section
4D via not-shown wires.

The voltage applying section 4D includes, as shown 1n
FIG. 12, a first voltage generating section 41D configured to
generate a first voltage for turning the movable mirror
section 11 about the Y axis, a second voltage generating
section 42D configured to generate a second voltage for
turning the movable mirror section 11 about the X axis, and
a voltage superimposing section 43D configured to super-
impose the first voltage and the second voltage and apply a

superimposed voltage to the piezoelectric elements 33a,
335, 33¢, and 334
As shown on the right side of FIGS. 13A to 13D, the first

voltage generating section 41D generates voltages (voltages
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for horizontal scanning) that cyclically change at the cycle
T,. That 1s, the first voltage generating section 41D gener-
ates two kinds of first voltages V,, and V,, that cyclically
change at the first frequency (1/T,).

More specifically, the first voltage generating section 41D
generates, as voltages for horizontal scanning (horizontal
scanning driving signals) respectively applied to the piezo-
clectric elements 33aq and 335H, the first voltages V,, that
cyclically change at the cycle T, as shown on the right side
of FIGS. 13A and 13B.

The first voltage V., has a wavetform like a sine wave.
Therefore, the optical scanner 1D can eflectively main-scan
light. The wavetorm of the first voltage V,, 1s not limited to
this wavetiorm.

The first frequency (1/1,) 1s not particularly limited as
long as the first frequency (1/T1,) 1s a frequency suitable for
the horizontal scanning. However, the first frequency (1/T,)
1s preferably 10 to 40 kHz. The first frequency (1/T,) 1s
preferably set to substantially coincide with a torsional
resonance frequency of a vibration system configured by the
movable mirror section 11 and the shait sections 124 and
126. That 1s, the torsional resonance Irequency of the
vibration system 1s preferably designed to be a frequency
suitable for the horizontal scanning.

The first voltage generating section 41D generates, as
voltages for horizontal scanning (horizontal scanning driv-
ing signals) respectively applied to the piezoelectric ele-
ments 33c¢ and 33d, the first voltages V,, that cyclically
change at the frequency T, as shown on the right side of
FIGS. 13C and 13D. The first voltage V,, has the same
wavelorm as the first voltage V,,. However, the phase of the
first voltage V,, 1s shifted 180° with respect to the first
voltage V.

On the other hand, the second voltage generating section
42D generates voltages (voltages for vertical scanning) that
cyclically change at the cycle T, different from the cycle T,
as shown on the left side of FIGS. 13A to 13D. That 1s, the
second voltage generating section 42D generates second
voltages V,, and V,, that cyclically change at two kinds of
the second frequency (1/1,) different from the first fre-
quency (1/T,).

More specifically, the second voltage generating section
42D generates, as voltages for vertical scanning (vertical
scanning driving signals) respectively applied to the piezo-
clectric elements 33a and 33c¢, the second voltages V,, that
cyclically change at the cycle T, different from the cycle T,
as shown on the left side of FIGS. 13A and 13C.

The second voltage V,, has a wavelorm like a saw-tooth
wave. Therefore, the optical scanner 1D can eflectively
sub-scan light. The waveform of the second voltage V,, 1s
not limited to this form.

The second frequency (1/T1,) 1s not particularly limited as
long as the second frequency (1/1,) 1s a frequency different
from the first frequency (1/1,) and suitable for the vertical
scanning. However, the second frequency (1/1,) 1s prefer-
ably smaller than the first frequency (1/T,). That 1s, the cycle
T, 1s preterably longer than the cycle T,.

The second frequency (1/T2) 1s preferably 40 to 80 Hz
(about 60 Hz). Consequently, it 1s possible to turn the
movable mirror section 11 about each of the two axes (the
X axis and the Y axis) orthogonal to each other at a
frequency suitable for rendering on a display.

The second voltage generating section 42D generates, as
voltages for vertical scanning (vertical scanning driving
signals) respectively applied to the piezoelectric elements
33b and 334, the second voltages V ,, that cyclically change
at the cycle T2 as shown on the left side of FIGS. 13B and
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13D. The second voltage V,, has a wavelorm obtained by
reversing the wavetorm of the second voltage V,, with
respect to a certain reference voltage.

Each of the first voltage generating section 41D and the
second voltage generating section 42D 1s connected to the
control section 7 and driven on the basis of a signal output
from the control section 7.

The voltage superimposing section 43D 1s connected to
the first voltage generating section 41D and the second
voltage generating section 42D. The voltage superimposing
section 43D includes the adder 43qa for applying a voltage to
the piezoelectric element 33a, an adder 435 for applying a
voltage to the piezoelectric element 335, an adder 43¢ for
applying a voltage to the piezoelectric element 33¢, and an

adder 43d for applying a voltage to the piezoelectric element
33d.

The adder 43a 1s configured to receive the first voltage
V., from the first voltage generating section 41D, receive
the second voltage V,, from the second voltage generating
section 42D, superimpose the voltages, and apply a super-
imposed voltage to the piezoelectric element 33a.

The adder 435 1s configured to recerve the first voltage
V., from the first voltage generating section 41D, receive
the second voltage V,, from the second voltage generating
section 42D, superimpose the voltages, and apply a super-
imposed voltage to the piezoelectric element 335.

The adder 43¢ 1s configured to receive the first voltage
V,, from the first voltage generating section 41D, receive
the second voltage V,, from the second voltage generating
section 42D, superimpose the voltages, and apply a super-
imposed voltage to the piezoelectric element 33c.

The adder 434 1s configured to receive the first voltage
V., Irom the first voltage generating section 41D, receive
the second voltage V,, from the second voltage generating
section 42D, superimpose the voltages, and apply a super-
imposed voltage to the piezoelectric element 334,

The scanner 1D having the configuration explained above
1s driven as explained below.

For example, the voltages V,, and V,, shown in FIG. 13A
are superimposed and applied to the piezoelectric element
33a. The voltages V,, and V,, shown in FIG. 13B are
superimposed and applied to the piezoelectric element 335.
In synchronization with this, the voltages V,, and V,; shown
in FIG. 13C are superimposed and applied to the piezoelec-
tric element 33c¢. The voltages V,, and V,, shown 1n FIG.
13D are superimposed and applied to the piezoelectric
clement 334.

Then, a state in which the piezoelectric elements 33a and
33bH are expanded and the piezoelectric elements 33¢ and
33d are contracted and a state 1n which the piezoelectric
clements 33a and 336 are contracted and the piezoelectric
clements 33¢ and 334 are expanded are alternately repeated
at the first frequency (1/1,). At the same time, a state 1n
which the piezoelectric elements 33a and 33¢ are expanded
and the piezoelectric elements 335 and 334 are contracted
and a state 1n which the piezoelectric elements 334 and 33c¢
are confracted and the piezoelectric elements 335 and 33d
are expanded are alternately repeated at the second fre-
quency (1/T,).

In other words, a ratio of a range 1n which the piezoelec-
tric elements 335 and 33d can be expanded and contracted
(length in which the piezoelectric elements 335 and 334 can
be displaced) to a range in which the piezoelectric elements
33a and 33c¢ can be expanded and contracted (length 1n
which the piezoelectric elements 33a and 33c¢ can be dis-
placed) 1s changed at the second frequency (1/T1,). At the
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same time, the piezoelectric elements 33a¢ and 335 and the
piezoelectric elements 33¢ and 334 are expanded in opposite
directions each other.

The piezoelectric elements 33a to 33d operate as
explained above, whereby, while the shaft sections 14e, 14/,
14¢, and 14/ are mainly flexurally deformed, the frame body
section 13D swings (turns) about the X axis at the second
frequency (1/T1,) while swinging (turning) about the Y axis
at the first frequency (1/1).

As explained above, the voltage applying section 4D
applies a voltage to the piezoelectric elements 334, 335, 33c,
and 334 to thereby turn the movable mirror section 11 about

the X axis at the second frequency (1/1,) while turning the
movable mirror section 11 about the Y axis at the first

frequency (1/T,).

Consequently, 1t 1s possible to swing the movable mirror
section 11 about the X axis and the Y axis by the piezoelec-
tric driving system while attaining a reduction in the size of
the optical scanner 1D.

The form of the optical scanner of the piezoelectric
driving system 1s not limited to the form explained above.
The shape of the piezoelectric elements 33a, 335, 33¢, and
334 only has to be a shape for enabling the piezoelectric
clements 33q, 33b, 33¢, and 334 to expand and contract to
a degree enough for flexurally deforming the shait sections
14e, 14/, 149, and 142 and may be a trapezoidal shape 1n
plan view. Concerning a method of connection of the frame

body section 13D and the supporting section 15D by the
shaft sections 14e, 14/, 142, and 14/, the shait sections 14e,

14/, 142, and 14/ only have to be configured to be capable
of swinging the frame body section 13D about the X axis
while swinging the frame body section 13D about the Y axis
by being flexurally deformed.

The optical scanner 1D 1n the fifth embodiment explained
above, as 1n the first to fifth embodiments, 1t 1s possible to
reduce a build-up time while attaining a reduction in the size
of the optical scanner 1D.

Image Display Apparatus According to an Embodiment

FIG. 14 1s a diagram schematically showing an image
display apparatus according to an embodiment of the inven-
tion.

In this embodiment, as an example of the image display
apparatus, a display for imaging 1s explained in which the
optical scanner 1 1s used as an optical scanner. The longi-
tudinal direction of a screen S 1s referred to as “crosswise
direction” and a direction orthogonal to the longitudinal
direction 1s referred to as “lengthwise direction”. The X axis
1s parallel to the crosswise direction of the screen S and the
Y axis 1s parallel to the lengthwise direction of the screen S.

An 1mage display apparatus (a projector) 9 includes a
light source device (a light source) 91 that emits light such
as laser, a plurality of dichroic mirrors 92A, 92B, and 92C,
and the optical scanner 1.

The light source device 91 includes a red light source
device 911 that emits red light, a blue light source device 912
that emits blue light, and a green light source device 913 that
emits green light.

The dichroic mirrors 92A, 92B, and 92C are optical
clements that combine lights respectively emitted from the
red light source device 911, the blue light source device 912,
and the green light source device 913.

In the 1mage display apparatus 9, lights emitted from the
light source device 91 (the red light source device 911, the
blue light source device 912, and the green light source
device 913) are combined 1n the dichroic mirrors 92A, 92B,

and 92C on the basis of 1image information output from a
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not-shown host computer. Combined light 1s two-dimen-
sionally scanned by the optical scanner 1 to form a color
image on the screen S.

In the two-dimensional scanning, the light retlected on the
light reflecting section 114 1s scanned (main-scanned) in the

crosswise direction of the screen S by the turning about the
Y axis of the movable mirror section 11 of the optical
scanner 1. On the other hand, the light reflected on the light
reflecting section 114 1s scanned (sub-scanned) 1n the length-
wise direction of the screen S by the turning about the X axis
of the movable mirror section 11 of the optical scanner 1.

In FIG. 14, after the light combined by the dichroic
mirrors 92A, 92B, and 92C 1s two-dimensionally scanned by
the optical scanner 1, the light 1s reflected on a fixed mirror
93 to form an 1mage on the screen S. However, the fixed
mirror 93 may be omitted and the light two-dimensionally
scanned by the optical scanner 1 may be directly 1rradiated
on the screen S.

With the image display apparatus 9, since the image
display apparatus 9 includes the optical scanner 1, it 1s
possible to reduce a build-up time while attaining a reduc-
tion 1n the size of the image display apparatus 9.

Application examples of the image display apparatus are
explained below.

Application Example 1 of the Image Display Apparatus

FIG. 15 1s a perspective view showing an application
example 1 of the image display apparatus in the embodi-
ment.

As shown 1 FIG. 135, the image display apparatus 9 can
be applied to a portable 1mage display apparatus 100.

The portable 1image display apparatus 100 includes a
casing 110 formed at dimensions for enabling gripping by a
hand and the image display apparatus 9 incorporated in the
casing 110. A predetermined image can be displayed on a
predetermined surface such as a screen or a desk by the
portable 1image display apparatus 100.

The portable 1image display apparatus 100 includes a
display 120 that displays predetermined information, a key
pad 130, an audio port 140, a control button 150, a card slot
160, and an AV port 170.

The portable 1mage display apparatus 100 may include
other functions such as a communication function and a GPS
reception function.

Application Example 2 of the Image Display Apparatus

FIG. 16 1s a perspective view showing an application
example 2 of the image display apparatus in the embodi-
ment.

As shown 1n FIG. 16, the image display apparatus 9 can
be applied to a head-up display system 200.

In the head-up display system 200, the image display
apparatus 9 1s mounted on a dashboard of an automobile to
configure a head-up display 210. A predetermined image
such as guidance display to a destination can be displayed on
a windshield 220 by the head-up display 210.

The head-up display system 200 1s not limitedly applied
to the automobile and can also be applied to, for example, an
airplane and a ship.

Application Example 3 of the Image Display Apparatus

FIG. 17 1s a perspective view of an application example
3 of the image display apparatus in the embodiment.

As shown 1n FIG. 17, the image display apparatus 9 can
be applied to a head-mounted display 300.

The head-mounted display 300 includes eyeglasses 310
and the image display apparatus 9 mounted on the eye-
glasses 310. A predetermined 1mage visually recognized by
one eye 1s displayed on a display section 320 provided 1n a
part, which 1s originally a lens, of the eyeglasses 310.
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The display section 320 may be transparent or may be
opaque. When the display section 320 is transparent, infor-
mation from the image display apparatus 9 can be used in
addition to information from the real world.

A pair of the image display apparatuses 9 may be provided
in the head-mounted display 300 to display images visually

recognized by both the eyes on a pair of the display sections
320.

The optical device, the optical scanner, and the image
display apparatus 1n the embodiments of the mvention are
explained above. However, the invention 1s not limited to the
embodiments. For example, 1n the optical device, the optical
scanner, and the image display apparatus in the embodi-
ments, the components of the sections can be replaced with
any components including the same functions. Further, any
other components can be added.

In the invention, any two or more components (features)
in the embodiments may be combined.

In the example explained in the embodiments, the two
(the pair of) first shait sections are provided. However, the
number of the first shait sections 1s not limited to two. For
example, two pairs or more of the first shait sections may be
provided.

In the example explained in the embodiments, four (two
pairs of) second shaft sections are provided. However, the
number of the second shaft sections 1s not limited to four.
For example, a pair of or three or more pairs of the second
shaft sections may be provided.

In the example explained in the embodiment, the light
reflection plate covers the entire first shait section in plan
view. However, 11 the light reflection plate covers at least a
part (an end portion on the base side of the movable mirror
section) of the first shaft section 1n plan view, 1t 1s possible
to attain the eflects such as the reduction 1n the size of the
optical device, the increase 1n the area of the light reflection
plate, the prevention of a dynamic bend of the light reflec-
tion plate, and the prevention of stray light due to the end
portion on the base side of the first shaft section.

In the example explained in the embodiments, the SOI
substrate 1s machined to form the light reflection plate and
the spacer. However, a method of forming the light reflection
plate and the spacer 1s not limited to this. For example, the
light reflection plate and the spacer may be formed from
separate substrates. A base made of a single material such as
a silicon substrate or a glass substrate may be machined to
integrally form the light reflection plate and the spacer.

The spacer between the light reflection plate and the base
may be a solder ball. In this case, for example, metal films
only have to be respectively formed on surfaces on the
spacer side of the light reflection plate and the base and
joined via the solder ball.

In the example explained 1n the embodiments, the optical
device 1s applied to the optical scanner. However, the optical
device 1s not limitedly applied to the optical scanner and can
also be applied to other optical devices such as an optical
switch and an optical attenuator.

In the example explained in the embodiments, the driving,
force 1s directly applied to only the frame body section.
However, the driving force may be directly applied to each
of the frame body section and the movable section to swing
the light reflection plate about the first axis and the second
axis. Even 1n such a case, 1t 1s possible to attain the effect of
preventing or suppressing unnecessary vibration of the light
reflection plate due to unnecessary vibration transmitted to
the movable section from the frame body section via the first
shaft section.
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In the example explained above, the light reflection plate
1s formed 1n the shape asymmetrical with respect to the first
axis in plan view. However, the light reflection plate may be
formed 1n a shape symmetrical with respect to the first axis
in plan view as long as the center of gravity of the light
reflection plate 1s shifted from the first Y axis in plan view.
In this case, for example, thicknesses and materials only
have to be varied 1n portions on one side and on the other
side of the light reflection plate 1n plan view or a concave
section added with a weight only has to be provided on a
plate surface 1n the portion on one side of the light reflection
plate 1n plan view.

The entire disclosure of Japanese Patent Application No.
2013-123469, filed Jun. 12, 2013 1s expressly incorporated
by reference herein.

What 1s claimed 1s:

1. An optical device comprising:

a movable section capable of swinging about a first axis;

a frame body section capable of swinging about a second

ax1s crossing the first axis;

a first shaft section configured to connect the movable

section and the frame body section; and

a light reflection plate fixed to the movable section and

provided with a light reflecting section having light
reflectivity, wherein

the movable section includes the light retlection plate

fixed to a base, a center of gravity of the light reflection
plate being shifted from a center of gravity of the base
and the center of gravity of the base being aligned with
the first axis,

in plan view from a thickness direction of the light

reflection plate, the center of gravity of the light reflec-
tion plate 1s shufted from the first axis,

the light retlection plate 1s formed 1n a shape symmetrical

with respect to an axis through the center of gravity of
the light retlection plate and parallel to the first axis,
and

the light reflection plate 1s fixed to the base such that the

ax1s through the center of gravity of the light reflection
plate 1s not aligned with the first axis through the center
of gravity of the base.

2. The optical device according to claim 1, wherein the
light reflection plate 1s formed 1n a shape asymmetrical with
respect to the first axis 1n the plan view.

3. The optical device according to claim 2, wherein the
light reflection plate 1s formed in a shape symmetrical with
respect to the second axis in the plan view.

4. The optical device according to claim 2, wherein the
frame body section 1s formed in a shape symmetrical with
respect to each of the first axis and the second axis in the
plan view.

5. The optical device according to claim 1, further com-
prising a first distortion detection element arranged in the
first shatt section and configured to detect deformation of the
first shaft section, wherein

the light reflection plate covers the first distortion detect-

ing element in the plan view.

6. The optical device according to claim 1, further com-
prising:

a fixed section:

a second shaft section configured to connect the frame

body section and the fixed section; and

a second distortion detecting element arranged in the

second shaft section and configured to detect deforma-
tion of the second shaft section, wherein

the light reflection plate covers the second distortion

detecting element 1n the plan view.
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7. The optical device according to claim 1, further com-
prising:
a permanent magnet arranged 1n the
a coil arranged to be opposed to the
and

a voltage applying section configured to apply a voltage

to the coil, wherein

the voltage applying section applies the voltage to the coil

to thereby swing the movable section about the first

axis and the second axis.

8. The optical device according to claim 1, further com-
prising;:

a coil arranged 1n the frame body section;

a permanent magnet configured to generate a magnetic

field acting on the coil; and

a voltage applying section configure to apply a voltage to

the coil, wherein

the voltage applying section applies the voltage to the coil

to thereby swing the movable section about the first

axis and the second axis.

9. The optical device according to claim 1, further com-
prising:

a fixed section;

a second shaft section configured to connect the frame

body section and the fixed section;

a piezoelectric element provided in the second shaft

section; and

a voltage applying section configured to apply a voltage

to the piezoelectric element, wherein

the voltage applying section applies the voltage to the

piczoelectric element to thereby swing the movable

section about the first axis and the second axis.

10. The optical device according to claim 7, wherein

the voltage applying section includes:

a first voltage generating section configured to generate
a first voltage having a first frequency;

a second voltage generating section configured to gen-
erate a second voltage having a second frequency
different from the first frequency; and

a voltage superimposing section configured to super-
impose the first voltage and the second voltage, and

the voltage applying section swings the movable section

about the first axis at the first frequency and swings the
movable section about the second axis at the second
frequency.

11. The optical device according to claim 1, further
comprising a spacer configured to couple the movable
section and the light reflection plate, wherein

the light reflection plate 1s separated from the movable

section 1n the thickness direction of the light reflection

plate.

12. The optical device according to claim 11, wherein the
center of gravity of the light reflection plate and the spacer
do not overlap 1n plan view from the thickness direction of
the light reflection plate.

13. An optical scanner comprising:

a movable section capable of swinging about a {irst axis;

a Trame body section capable of swinging about a second

axis crossing the first axis;

a first shaft section configured to connect the movable

section and the frame body section; and

a light reflection plate fixed to the movable section and

provided with a light reflecting section having light

reflectivity, wherein

the movable section includes the light reflection plate

fixed to a base, a center of gravity of the light reflection

frame body section;
frame body section;
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plate being shifted from a center of gravity of the base
and the center of gravity of the base being aligned with
the first axis,

in plan view from a thickness direction of the light

reflection plate, the center of gravity of the light retlec-
tion plate 1s shufted from the first axis,

the light retlection plate 1s formed 1n a shape symmetrical

with respect to an axis through the center of gravity of
the light reflection plate and parallel to the first axis,
and

the light reflection plate 1s fixed to the base such that the

ax1s through the center of gravity of the light reflection
plate 1s not aligned with the first axis through the center
of gravity of the base.

14. An 1image display apparatus comprising:

a movable section capable of swinging about a first axis;

a frame body section capable of swinging about a second

ax1s crossing the first axis;

a first shait section configured to connect the movable

section and the frame body section; and

a light reflection plate fixed to the movable section and

provided with a light reflecting section having light
reflectivity, wherein

the movable section includes the light reflection plate

fixed to a base, a center of gravity of the light reflection
plate being shifted from a center of gravity of the base
and the center of gravity of the base being aligned with
the first axis,

in plan view from a thickness direction of the light

reflection plate, the center of gravity of the light retlec-
tion plate 1s shifted from the first axis,

the light retlection plate 1s formed 1n a shape symmetrical

with respect to an axis through the center of gravity of
the light reflection plate and parallel to the first axis,
and

the light reflection plate 1s fixed to the base such that the

ax1s through the center of gravity of the light reflection
plate 1s not aligned with the first axis through the center
of gravity of the base.

15. The optical device according to claim 1, wherein the
movable section includes the light reflection plate fixed to a
base by a spacer, the spacer being fixed to a bottom surface
of the light reflection plate and a top surface of the base and
separating the light reflection plate from the base.

16. An optical device comprising;

a movable section capable of swinging about a first axis;

a frame body section capable of swinging about a second

ax1is crossing the first axis;

a first shait section configured to connect the movable

section and the frame body section; and

a light reflection plate fixed to the movable section and

provided with a light reflecting section having light
reflectivity, wherein

the movable section includes the light reflection plate

fixed to a base, a center of gravity of the light reflection
plate being shifted from a center of gravity of the base,
the center of gravity of the light reflection plate being
aligned with the second axis and shifted from the first
ax1s, and the center of gravity of the base being aligned
with the first axis,

the light retlection plate 1s formed 1n a shape symmetrical
with respect to an axis through the center of gravity of
the light reflection plate and parallel to the first axis,
and
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the light reflection plate 1s fixed to the base such that the
axis through the center of gravity of the light reflection
plate 1s not aligned with the first axis through the center
of gravity of the base.
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